This paper develops a cost-benefit approach that helps to quantify the optimal level of international reserves in low-income countries, focusing on the role of reserves in preventing and mitigating absorption drops triggered by large external shocks. The approach is applied to a sample of 49 LICs over the period 1980-2008 to yield estimates of the likelihood and severity of a crisis. The calibration results suggest that the standard metric of three months of imports is inadequate for countries with fixed exchange rate regimes. The results also highlight the role of overall policy frameworks and availability of Fund-support in determining optimal reserve levels, raising questions about the uniform applicability of standard rules of thumb across countries. JEL Classification Numbers: O11, F31, O24
I. INTRODUCTION
Low-income countries are subject to a wide variety of exogenous disturbances-sharp swings in the terms-of trade, export demand, natural disasters, and volatile financial flowsand the resulting high macroeconomic volatility imposes large welfare costs. 1 The amplitude, frequency, and economic costs of external shocks tend to be higher than in advanced and emerging market countries (IMF, 2011) . International reserves constitute an important form of self-insurance against such shocks, but assessing reserve adequacy in low-income countries has been bedeviled by lack of an agreed methodological framework, with policymakers relying on rules of thumb such as maintaining reserves equivalent to three months of imports to evaluate a country's need. Although such metrics are intuitive and simple, they lack fully developed theoretical and empirical foundations. This paper seeks to fill this gap by developing a tractable analytical framework that helps to quantify the level of reserves that can be rationalized in terms of insurance against the types of large external shocks faced by low-income countries. We empirically estimate the benefits of reserves in smoothing domestic absorption in response to external shocks. Optimal reserves for different country groups are then calibrated based on the regression estimates, and under simplified assumptions about the cost of holding reserves and the extent of risk aversion.
It is well documented that weakly diversified economic structures and reliance on international trade to import large quantities of essential goods render low-income countries vulnerable to significant fluctuations in consumption in the event of external shocks. 2 An event study analysis by Crispolti and Tsibouris (2011) finds that low-income countries with reserve cover more than three months of imports were better able to smooth consumption and absorption in the face of external shocks relative to those with lower coverage. Their analysis also points to the importance of country characteristics and vulnerabilities in assessing reserve adequacy: the shock-mitigation effect of reserves was found to be particularly pronounced, for instance, in highly indebted economies, small islands, commodity exporters, and countries with fixed exchange rate regimes This paper presents a simple cost-benefit framework of precautionary reserve holdings warranted by country characteristics and fundamentals. The crisis prevention and mitigation benefits of reserves in the event of adverse external shocks-where a crisis is defined as a sharp drop in absorption-are empirically estimated using data on past severe shock episodes for the period 1990-2008, controlling for policy fundamentals and country characteristics.
For low-income countries with limited access to international markets, the net financial cost of reserves is implied by foregone investment opportunities or the differential between domestic and foreign real interest rates. The regression estimates for the benefits of holdings reserves are combined with country-specific data on fundamentals, and assumptions about the marginal cost of holding reserves and risk-neutrality to determine optimal reserve levels for different country groups. Our framework explicitly internalizes the interaction between policy fundamentals, access to Fund financing in the event of a shock, and optimal reserve holdings.
The calibration results suggest that the standard metric of reserves equivalent to three months of imports only provides an imprecise benchmark, as optimal reserve holdings depend crucially on country characteristics and policy fundamentals. Calibrated optimal reserves vary from about 1 to 12 months of imports, with higher estimated reserves for fragile states, and commodity exporters than for other countries. 3 In addition, optimal reserves are generally higher for fixed exchange rate regimes, in the absence of Fund support in the event of a shock, and for countries facing lower cost of reserves. The calibration results also suggest that stronger policy fundamentals are associated with lower optimal reserve holdings, illustrating the importance of country-specific fundamentals in the determination of optimal reserves.
It is important to note that these estimates constitute a lower bound on the appropriate level of reserves for several reasons. First, given the assumed risk-neutrality in the framework, calibrated reserves are necessarily lower than levels that would emerge under greater risk aversion. Second, countries may accumulate reserves to achieve other objectives beyond selfinsurance against external shocks, such as exchange rate policy, or for intergenerational savings. 4 These considerations, however, are not directly related to the need for readily available external liquid assets in the event of shocks.
A number of papers have examined the role of reserves as a self-insurance mechanism against external risks. Jeanne and Ranciere (2006 Ranciere ( , 2008 , Aizenman and Lee (2008) , Durdu et al. (2009) , among others, develop models of optimal reserves for emerging market countries (EMs), in which countries aim to self-insure against sudden-stops in capital inflows. A small number of stylized models have also been developed for low-income countries with limited access to foreign capital markets. These studies primarily focus on risks stemming from the current account. Barnichon (2009) models insurance against natural disasters or terms-of trade shocks, while Drummond and Dhasaman (2008) extend the JeanRanciere framework to examine the implications of aid and terms-of-trade shocks.
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The 3 The categorization of fragile states relies on the definition of fragility adopted by the World Bank.
optimal level of reserves in these models is highly sensitive to assumptions about the size and probability of external shocks, the potential loss in output and consumption, the opportunity cost of holding reserves, and the degree of risk aversion.
Our contribution to this literature is two-fold. First, we provide empirically-grounded estimates of both the crisis prevention and mitigation benefits of holding reserves against a range of shocks routinely faced by low-income countries. We find that the ratio of reserves to imports is highly statistically significant and of the expected sign in the regressions, even after controlling for other fundamentals, thereby confirming the insurance role of reserves. Moreover, these results are robust across country-samples and time periods. Second, our framework has a more tractable structure, making it easier to calibrate using country-specific data.
The rest of the paper is organized as follows. The next section provides an overview of the recent trends in reserve accumulation in low-income countries. Section III describes the analytical framework, while Section IV presents the results of the empirical analysis. Section V reports the calibration results for optimal reserve levels across country groups; Section VI concludes.
II. RESERVES IN LOW-INCOME COUNTRIES: STYLIZED FACTS
This section provides an overview of recent development in reserve accumulation in lowincome countries. We also present results of a reserve demand regression, which allows for a more systematic assessment of reserve adequacy based on peer comparisons. Figure 1 shows recent trends in reserve accumulation in low-income countries and EMs measured by two traditional metrics, import coverage and as a share of broad money. Import cover is viewed as a measure of the number of months of imports that can be sustained if all external inflows were to cease. Traditionally, three months' coverage is used as a benchmark for import cover. Broad money coverage (typically 20 percent is used as an upper-bound benchmark) provides a measure of the potential for resident-based capital flight and is particularly relevant for dollarized economies and countries with greater capital account openness. As shown in Figure 1 , reserve accumulation has generally outpaced traditional reserve adequacy metrics across both country-groups in recent years.
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While the build-up has been slower than in EMs, most low-income countries have accumulated more reserves since by managing a stock of riskless assets to buffer consumption against adverse shocks. Our paper focuses on precautionary reserve holdings rather than precautionary savings, which arise from the inability to mitigate external shocks due to limited and uncertain market access or multilateral/bilateral aid flows.
2002 than suggested by the standard rules of thumb, with median coverage ratios of around 4.7 months of imports, and 55 percent of broad money in 2009. Figure 2 further breaks down reserve accumulation in low-income countries by various country-groups and exchange rate regimes. Since 2003, the ratios of reserves to imports increased most sharply for oil exporters. Sub Saharan African (SSA) countries-a large number of which are commodity exporters-have had persistently higher reserve coverage than the median low-income country, although this difference has narrowed in recent years. On the other hand, reserve coverage in countries with GDP per capita less than US$ 500 has been well-below the low-income country median throughout the 2000s. Finally, recent reserve accumulation has also outpaced the conventional rule of thumb of three months of import cover for both fixed and floating exchange rate regimes, but countries with fixed regimes generally tend to have higher reserve coverage. These aggregate figures mask significant differences across individual countries. As of 2009, over a quarter of all countries had reserve levels lower than suggested by the import cover metric. The accelerating buildup of reserves reflects low initial reserve holdings, increasing openness of economies, a favorable global environment, and policy choice among low-income countries to build precautionary reserves to insure against balance of payment risks.
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To assess whether the recent accumulation in low-income countries has been in line with fundamentals, we estimated a cross-country empirical model of precautionary demand for reserves. 8 The basic idea underlying the theory of the reserves demand is that a country chooses a level of reserves to balance the macroeconomic adjustment costs incurred if reserves are exhausted (the precautionary motive) with the opportunity cost of holding reserves. In the multivariate regression, the demand for reserves is modeled as function of the size of the economy and other country fundamentals. The model is estimated using panel data for 62 low-income countries (excluding economies with a population less than 1 million) from 1992 to 2001. The remaining years are used to compare out-of-sample forecasts with actual reserve buildups. Table 1 reports the regression results for the full sample of low-income countries, and separately for commodity and non-commodity exporters. For the full sample (Column 1), reserve holdings are positively and significantly related to indicators of current account vulnerability (import ratio and export volatility) and indicators of capital account vulnerability, such as broad money. Volatility of the exchange rate and fixed exchange rate regimes are also significantly associated with higher reserve holdings, suggesting that pegged 7 It is also worth noting that the increase in reserves in 2009 is largely attributable to the SDR allocation in response to the global financial crisis. See http://www.imf.org/external/np/sec/pr/2009/pr09283.htm. countries have greater precautionary demand for reserves than their peers. The proxy for the cost of holding reserves, measured as the interest rate differential between the government treasury bill and the corresponding U.S. asset, is of the expected sign but lacks statistical significance.
The empirical model for the full sample accounts for over 60 percent of the variation in reserves (excluding country fixed effects), suggesting that precautionary motivations are important in explaining average reserve growth across low-income countries. A breakdown of the sample into commodity exporters and non-commodity exporters (Columns 2-3), however, reveals differences between the two groups in accounting for reserve demand. Exchange rate volatility is more important for non-commodity exporters, while export volatility is highly significant in explaining reserves demand in commodity exporters. In sum, median reserve accumulation in low-income countries has outpaced standard rules of thumb in recent years. While reserve demand regressions suggest that the recent growth in reserve holdings is largely in line with fundamentals, this analysis does not inform the optimal level of reserves needed in light of the shocks faced by such countries. Instead, the analysis only provides a picture of the determinants of observed reserve holdings. Traditional metrics offer only rough guidance, and, while simple, lack empirical and theoretical foundations. The following sections propose a new approach to assess reserve adequacy in low-income countries using a cost-benefit framework to determine optimal reserve levels.
III. ANALYTICAL FRAMEWORK
Assessing reserve adequacy requires an understanding of the benefits of reserves in smoothing domestic consumption/absorption in response to external shocks. Low-income countries are routinely faced with substantially different shocks than EMs, including sharp swings in foreign aid, remittances, FDI, and natural disasters. While both sets of countries may be affected by shocks to the terms of trade, the frequency and incidence of such shocks tend to be higher in low-income countries (IMF, 2011) . Moreover, while crises in EMs are generally characterized by pressures on the capital account, reflecting access to market financing, most low-income countries still have limited access, so that external drains are primarily on the current account. As a result, current-account based measures, such as reserve coverage in months of imports, remain useful indicators of reserve adequacy.
From an insurance perspective, reserves can help reduce the likelihood and magnitude of abrupt drops in consumption and absorption, and consequently a loss in welfare, arising from large fluctuations in imports in the face of large external shocks. As documented by Crispolti and Tsibouris (2011) , reserves appear to have cushioned countries against sharp drops in consumption and absorption for a wide range of shocks considered, including during the recent financial crisis. For instance, they find that cumulative consumption losses over a fiveyear period-measured as yearly loss relative to the pre-shock three-year trend growthwere quite substantial for past external demand and terms-of-trade shocks, at about 6-17 percentage points for countries with reserve coverage of less than three months of imports, whereas the impact was limited among those with higher coverage.
The cost of holding reserves is typically defined as the difference between the return on short-term foreign currency assets and the return on more profitable alternative investment opportunities. The simplicity of this definition, however, masks thorny issues regarding the appropriate definition of alternative investment opportunities.
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For EMs, the net financial cost of holding reserves-the difference between the external funding cost of reserves and the return obtained in relatively safer and more liquid foreign assets-is commonly used as a proxy for the opportunity cost.
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For most low-income countries with limited market access, the net financial cost is likely to be negative since the funding cost, if measured by the concessional interest rate on official borrowing, is typically lower than the return on reserves. Given large infrastructure needs in low-income countries, reserves could alternatively be channeled into productive investment. Hence, a more relevant measure of opportunity cost in these countries is the difference between the return in risky but high-yielding assets, including domestic capital, and safe, low-yielding foreign assets. However, consistent estimates of the marginal product of capital across countries are often not available, and the differential between the domestic and foreign real interest rate is widely used as a proxy.
In what follows, we present a stylized framework that captures the costs and benefits of holding reserves. The objective function that low-income countries seek to maximize reflects the tradeoff between the opportunity cost of holding foreign reserves and the marginal benefit from being able to smooth domestic absorption in the event of large external shocks. Specifically, countries are assumed to maximize the net benefit of holding reserves (NBR):
Indicators identified in the literature include sterilization costs, the differential between domestic and foreign real interest rates, the net financial cost of holding reserves (typically using measure of reserves of sovereign bond spreads), and the opportunity cost of foregone consumption or investment (see Hauner, 2005; Jeanne and Ranciere, 2006) . 10 EMs with significant market access (at least during normal times) can, in principle, accumulate reserves by issuing foreign liabilities without affecting net foreign assets or unduly compromising optimal investment or consumption decisions.
(
Where P and C represent, respectively, the conditional probability of a crisis given a large shock event and the utility cost of a crisis-where a crisis is defined by a sharp drop in absorption or consumption. Both of these variables depend on reserves R and other control variables Z.
The parameters q and r refer to the unconditional probability of a large shock event and the unit cost of holding reserves, respectively. The first two terms on the right hand side of equation (1) reflect the benefit of holding reserves (in terms of reducing the expected cost of a crisis), while the second term captures the opportunity cost of holding reserves. Given the dependence of the probability and cost of a crisis on Z, the maximization of NBR yields optimal reserves as a function of Z and r.
The specification of NBR reflects the precautionary motive for holding reserves but is subject to several limitations. First, the utility cost is simply measured by the loss in real absorption (in percent of GDP) assuming risk-neutral utility. It is well known that optimal reserves derived from a cost-benefit analysis are particularly sensitive to the assumed degree of risk-aversion in the utility function. In light of this, our framework aims to simulate a lower bound of optimal reserves by assuming linear utility. Assuming risk-neutral utility may also appear at odds with the precautionary motive for holding reserves. But precautionary reserves holdings are not equivalent to precautionary savings, which would not arise under risk-neutral utility. In our analysis, the precautionary motive for holding reserves corresponds to the incentive to guard against the inability to finance large external shocks due to limited market access and uncertain aid flows.
Second, the objective function is static in nature. This is clearly a limitation, but alternative options are likely to be unduly complicated, if not intractable. In the context of low-income countries, assuming a static objective function would not be too unrealistic in light of the fact that other forms of insurance are typically available from multilateral institutions or bilateral donors in case of prolonged shocks.
IV. EMPIRICAL ANALYSIS
In this section, we empirically estimate the conditional probability of a crisis (P) and the cost of a crisis (C) in the event of large external shocks. As a first step, large exogenous shocks and associated crisis events are identified from the data. The absorption smoothing benefits of reserves in the event of shocks are then determined by separately estimating the impact of reserves on the likelihood (P) and the severity of a crisis (C).
A. Identifying External Shocks and Crisis Events
Large negative external shock events in low-income countries are identified if the annual percentage change of the relevant variable falls below the 10th percentile in the left-tail of the country-specific distribution. In particular, shock episodes include one or more of the following six shocks: (i) external demand; (ii) terms-of-trade; (iii) FDI; (iv) aid; (v) remittances; (vi) climatic shocks (large natural disasters).
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Defining large negative shocks over country-specific distributions can better capture cross-country heterogeneity with respect to economic structure and vulnerability to external shocks. It implies that each country experiences the same frequency of shocks, so that the focus is on the reaction to the shock. Moreover, in the context of low-income countries, these shocks can be assumed to be exogenous to country-specific fundamentals or policy. The sample used for the analysis spans the period 1990-2008 for 71 low-income countries. For each shock, only the first year of the shock event is considered in the final set, giving us a total of 645 shock observations (out of 1349 observations). Figure 4 shows the annual changes in external demand (partner country growth), terms-oftrade, aid and FDI for the sample of individual shock episodes and non-shock episodes.
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As can be seen from the figure, there is a marked difference in the size and severity of shocks between the two samples. For instance, the drop in the terms-of-trade is over 30 percent for the bottom 25th percentile of the shock sample, as compared to less than 5 percent for the non-shock sample. This suggests that our shock definition captures reasonably severe events.
Within the sample of identified shock events, a crisis is defined as a large drop in real absorption (or consumption) per capita. Specifically, we assume that a crisis occurs when the following two conditions hold: (i) the post-shock two-year average (t and t+1) level of real absorption per capita falls below the pre-shock three-year trend; and (ii) growth of real absorption per capita is negative at time t. In principle, a crisis event can be defined in various ways. We use the above definition to highlight the extreme nature of the event, which is the main focus of our analysis.
13 Table 2 summarizes the median growth rate of real absorption and consumption per capita for the identified shock sample, distinguishing between crisis and non-crisis events. The median growth of real absorption per capita is positive for the entire shock sample, implying that not all shocks incur a drop in real absorption. Indeed, the unconditional probability of a crisis within the shock sample is less than 30 percent. However, there is a substantial difference in real absorption growth per capita of more than 8 percentage points between crisis and non-crisis cases, which is also statistically significant. A similar pattern holds for real consumption per capita.
B. Estimating the Probability of a Crisis
In this sub-section, we estimate the effect of holding reserves on the likelihood of a crisis (a real drop in absorption per capita). A panel probit model is estimated for the conditional probability of a crisis for 49 low-income countries-i.e., the probability of a crisis given a shock-using country characteristics and fundamentals as control variables. The dependent variable is a zero-one binary variable which takes the value of one if a real absorption drop occurs, and 0 otherwise. A general-to-specific approach was used to reach the preferred specification of the model, starting from a set of 21 potential regressors (see Appendix Table I ). The final explanatory variables used include reserves (in months of imports), the ratio of government balance to GDP, the World Bank's CPIA index as a proxy for policy and institutional quality, a dummy for flexible exchange rate regime, and a dummy for Fund-supported programs.
14 All explanatory variables are lagged by one year, except for the dummy for Fund-supported programs, and are thus predetermined with respect to the crisis event.
15 Table 3 reports the estimation results for absorption drops. The baseline probit regression is reported in column (1). Results from a logit regression (Column 2) and probit regressions for various country groups (Columns 3-6) are also reported for comparison. We find that the probability of a crisis decreases with the quality of a country's institutions and the ratio of government balance to GDP. Importantly, the coefficient on reserves is of the expected sign, statistically significant, and broadly similar across specifications and estimation methods. These results point to a statistically significant crisis prevention role of reserves and sound fundamentals (such as stronger fiscal position and better institutional quality). The exchange rate regime and Fund support are also important determinants of the likelihood of a crisis, given an external shock. These results are also consistent with the existing view that greater exchange rate flexibility helps facilitate economic adjustment to real shocks (Broda, 2004) , and broadly in line with the evidence of the crisis prevention role of Fund-supported programs in emerging markets (Becker et al., 2007) .
More informative are the marginal effects of these explanatory variables on the probability of an absorption drop (the crisis event). One interesting feature of the probit model is that it can be used to compute the impact of a change in fundamentals on the crisis probability. For example, a country with relatively strong economic fundamentals (e.g., higher government balance) is likely to face a smaller probability of a crisis for a given level of international reserves. This could reflect greater fiscal space to mount a countercyclical fiscal response to the external shock. Additionally, the probit model can also show how the crisis probability varies across different levels of reserves.
The top panel of Table 4 shows the marginal effects of changes in explanatory variables on the probability of a crisis. Assuming that the country has a Fund-supported program in the event of a shock, the third column reports estimated changes in crisis probability under a flexible exchange rate regime. Evaluating all other variables at their sample means, an increase in reserves from 3.2 months of imports (the sample mean) to 5 months of imports reduces the probability of an absorption drop by around 3.6 percentage points. As can be seen from the table, the estimated change in the crisis probability tends to be higher (over 5 percentage points) under fixed exchange rate regimes. An improvement in the CPIA from 3.3 to 3.7 reduces the crisis probability by 3 percentage points under a flexible regime and by 4.2 percentage points under a fixed regime. Finally, an improvement in the government balance from 4.5 to 3 percent of GDP reduces the estimated annual probability of a crisis by over 1 percentage points.
Table 4 also suggests that shifting from a fixed to a flexible exchange rate regime has a significant impact on the crisis probability, reducing the likelihood of an absorption drop by 11 percentage points. This is also confirmed from the bottom panel of Table 4 , which reports the probability of a crisis under fixed and flexible regimes, evaluating all other variables at their sample means. Indeed, the probability of a crisis tends to be significantly lower under flexible exchange rate regimes. An IMF program also has a significant effect in reducing the likelihood of absorption drops. In particular, having a Fund-supported program in the event of a shock reduces the crisis probability by approximately 8.8 percentage points under a flexible regime, and by 10.9 percentage points under a fixed exchange rate regime.
The relationship between the crisis prevention role of reserves and exchange rate regimes/IMF program is further illustrated in Figure 5 . Panel A shows the probability of a crisis and the level of reserves under different exchange rate regimes, assuming there is no IMF program and evaluating all other variables at their sample means. Increasing reserve coverage from three to four months of imports reduces the probability of a crisis by about 3.5 percentage points under a fixed exchange rate regime. But the same increase in reserve coverage yields only a smaller reduction in the crisis probability under a flexible regime, implying that the marginal effect of reserves is dependent on policy frameworks. Similarly, Panel B shows the probability of a crisis and the level of reserves with and without a Fundsupported program under a fixed exchange rate regime. These results reflect the inherently non-linear relationship between the probability of a crisis and reserve levels.
C. Cost of a Crisis
The next step involves estimating the severity of a crisis. Reserves not only help in crisis prevention but also play a role in mitigating the consequences of a crisis. To capture this crisis mitigation role of reserves, we estimate the real absorption loss (normalized in percent of GDP) in the event of external shocks as a function of reserves and other variables. The explanatory variables considered include the log of reserves (in months of import), the exchange rate regime, and the size of shocks.
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The regressions include country fixed effects to control for unobserved cross country heterogeneity. The log of reserves (in months of imports) is used as the relevant dependent variable to capture the non-linearity in the crisis mitigation role of reserves: i.e., the marginal effect of reserves on real absorption loss is diminishing in the level of reserves.
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The inclusion of the size of shocks is necessary to control for the income effect of shocks on real absorption. The regression analysis experimented with other explanatory variables, including a dummy for Fund-supported program, but found them to statistically insignificant. The regressions are estimated over the same sample period and countries used for the probit regressions.
The regression results, summarized in Table 5 , support the crisis mitigation role of reserves. Higher reserve holdings are associated with lower absorption losses. The coefficients on the shock variables are of the expected sign (negative as the dependent variable is constructed to be positive to denote a real absorption loss) except for foreign aid shock (which is insignificant in most specifications). The results suggest that positive external demand and terms of trade shocks are associated with lower absorption losses (Column 1). Most striking is the effect of the exchange rate regime. Even after controlling for the size of shocks and including country fixed effects, the regressions suggest that a flexible regime helps reduce real absorption loss by around 9 percent of GDP, relative to the fixed regime. As in previous regressions, these results are largely robust to various sample restrictions, with the estimated coefficients on reserves varying only slightly across various specifications (Columns 2-5 in Table 5 ).
D. Robustness Checks
Before moving to the calibration exercise, this subsection briefly discusses various robustness checks for the regressions reported in this section. Appendix Table II reports the robustness of the probit regression across various sub-samples. We find that the reserves variable remains highly significant and of the expected sign, except when the sample is reduced substantially by dropping African countries. Appendix Table III further reports the probit estimation results using real consumption per capita drops as the relevant dependent variable. The results are similar to those for absorption drops: the coefficients on reserves are statistically significant and of the expected sign, and broadly similar across specifications and estimation methods. These results are also robust across various sub-samples.
Appendix Table IV summarizes the robustness checks for the fixed-effects OLS regressions for absorption loss across various sub-samples. The regression results are again robust to different ways of cutting the sample. In particular, the reserve variable remains significant, with the expected sign across most specifications. Appendix Table V reports robustness checks for the fixed effects OLS regressions with consumption losses as the relevant dependent variable. Reserves and the exchange rate regime are statistically significant and largely robust to different sample restrictions, but other variables are either insignificant or only marginally significant.
In sum, both the probit and the fixed effects OLS regression results are broadly robust to various sample restrictions for both real absorption and consumption per capita. The next section discusses the calibration exercises using the estimated parameters from the absorption regressions.
V. OPTIMAL PRECAUTIONARY RESERVES: CALIBRATION RESULTS
Having estimated conditional probability of a crisis (P) and the cost of a crisis (C), this section elaborates on the calibration results. We first construct a benchmark calibration for various country groups and present some sensitivity analysis. We then present estimates of optimal reserves across different groups and illustrate the relationship with country fundamentals and Fund support.
A. Benchmark Calibration and Sensitivity Analysis
As described in Section III, the behavior of the model economy is determined by four parameters: the conditional probability of a crisis in the event of external shocks P(R, Z), real absorption loss C(R, Z), the unconditional probability of a large shock event (q), and the unit cost of holding reserves (r).This section reports the calibration results for the optimal levels of reserves for various country groups, including ALL (all low-income countries), AFR (Africa), COM (commodity exporters), and FRG (fragile states). Further disaggregation of country groups, albeit desirable in light of significant heterogeneity across low-income countries, was not considered since the number of countries is uneven across country groups, often with too few countries in a certain group to yield statistically meaningful results.
Optimal reserves are calibrated using the estimated conditional probability P(R,Z) and real absorption loss C(R,Z) regression equations reported in the previous section. Other parameter values were taken directly from the data. The unconditional probability of a large shock event (q) is estimated from the data to be 0.5 (the sample average). For the unit cost of holding reserves (r), several reference values were considered, ranging between 2 and 6 percent. These values are based on various existing estimates of the marginal product of capital and the differential between domestic and foreign real interest rates (adjusted for real financial return on reserves of about 1 percent a year).
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Economic fundamentals, such as fiscal balance and the CPIA index are set to their respective five-year average over the period of 2003-07 for each country group. Shock values in the calibration are taken from the sample median for different country groups.
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The estimated real absorption loss (for chosen values of shocks and country fundamentals) is augmented by one standard deviation of the residuals from the fixed effects OLS absorption loss regression. Assuming normality, the augmented value corresponds roughly to the upper 85 th percentile of the distribution of absorption losses. Given that there remains large unexplained variation in the fixed effects OLS absorption loss regression (the regression accounts for 35 percent of the variation in absorption loss across countries), this adjustment is intended as an attempt to capture possible risk aversion.
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The calibration assumes the availability of access to (contingent) IMF support in the event of large external shocks, which affects the conditional probability of a crisis.
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Calibrated optimal reserves are reported in Table 6 for different country groups. As can be seen from the table, these vary from less than 2 to over 12 months of imports depending on country characteristics, fundamentals, and the cost of holding reserves. In all instances, optimal reserves are generally higher for countries with fixed exchange rate regimes, and for fragile states and commodity exporters, reflecting their greater vulnerability to external shocks. Table VI) For example, assuming that the unit cost of holding reserves is 4 percent, optimal reserves for commodity exporters are 3.4 months of import under the flexible regime if shock values were set to the 25 th percentile instead of the median. Similarly, as can be seen from Table 6 , optimal reserve levels are sensitive to assumptions about the unit cost of holding reserves.
B. Results across Country Groups
As discussed above, calibrated optimal reserves vary depending on country characteristics and the cost of holding reserves. While the range of calibrated optimal reserves encompasses the traditional rule of thumb of 3 months of imports, the results suggest that this benchmark is more appropriate for countries with flexible exchange rate regimes-particularly if Fund support is readily available. It should be emphasized, however, that the calibration assumes risk-neutral utility and thus tends to yield a lower bound of optimal reserves. As such, the traditional rule of thumb is likely to be inadequate for countries with fixed exchange rate regimes. For the representative low-income country, assuming the unit cost of holding reserves is set at 4 percent, the "insurance" value of a flexible exchange rate regimemeasured in terms of annual savings in the cost of holding optimal reserves-is about 0.6 percent of GDP per year (or around three months of imports on average). A similar calculation suggests that the availability of (contingent) Fund support can result in annual savings in optimal reserves of about 0.3 percent of GDP per year (around two months of imports), and could possibly be higher.
The overall policy framework plays an important role in the determination of optimal reserve levels. Figure 6 illustrates the sensitivity of calibrated optimal reserves to various country fundamentals for low-income countries in Sub Saharan Africa when the unit cost of holding reserves is set at 4 percent. It is evident that a stronger fiscal position is associated with lower optimal reserves. Similarly, better policy and institutional frameworks, as measured by a higher CPIA score, are also associated with lower optimal reserves. The results also suggest that the sensitivity of optimal reserves to varying fundamentals differs across exchange rate regimes, with a higher sensitivity for fixed regimes. This result underscores the importance of country-specific fundamentals in the determination of optimal reserves. As such, this suggests that applying a uniform metric for reserve adequacy across all low-income countries could be inappropriate.
An assessment of actual reserve holdings against the derived optimal reserves suggests that, on average, low-income country reserve holdings are broadly adequate. Figure 7 shows a comparison of actual reserve holdings in low-income countries against computed optimal reserve levels. Based on end-2008 data, low-income countries with fixed exchange rate regimes, particularly commodity exporters and fragile states, were, on average, below the computed adequacy range. Countries with flexible regimes were well above the range, although this masks significant differences across individual countries. A comparison of optimal reserves with end-2009 data shows a slightly different picture as the 2009 SDR allocation likely distorted reserve holdings for many low-income countries. A number of caveats should be borne in mind while drawing inferences from this comparison: countries with flexible regimes are relatively more open and integrated with international financial markets as compared to other low-income countries, suggesting that capital flight risks may be playing a role; other non-precautionary motives for holding reserves, including monetary policy and exchange rate decisions by the central bank, could also be pertinent for managed float regimes.
VI. CONCLUSION
This paper presents a simple cost-benefit approach for the optimal level of reserves in lowincome countries, based on the assumption that the main benefit of reserves is to smooth domestic absorption/consumption against the disruption induced by large exogenous shocks. The role of reserves in reducing the probability and severity of sudden stops is robustly established through regression analysis.
The calibration exercise shows that the optimal reserves level can be sensitive to country fundamentals and exchange rate regimes, and the model needs to be carefully calibrated to evaluate each country's needs. As a result, rules of thumb such as maintaining reserves equivalent to three months of imports can only give imprecise benchmarks. Our paper further suggests that reserves only provide a temporary and partial solution to the vulnerabilities that stem from low-income countries' lack of economic diversification and weak policy and institutional frameworks. To durably reduce risks, countries need to implement economic reforms that address these issues directly. Accordingly, strengthening policy frameworks, increasing exchange rate flexibility, and diversifying economies, could result in declining reserve needs in line with ensuing reductions in external vulnerability.
Two directions would seem especially interesting for extending our framework in future work. First, we would like to have better estimates of the cost of holding reserves in lowincome countries. In this respect, future work could focus on obtaining consistent estimates of the marginal product of capital across low-income countries. This would provide a better gauge of the opportunity cost of holding reserves. Second, it would be interesting to examine issues related to optimal reserve levels in currency unions. Such analysis would ideally need to take into account the institutional features and requirements of the currency union arrangement. Country groups are as follows: SSA = Africa, COM = commodity exporters, FRG = fragile states.
Optimal reserves are calculated assuming that the cost of holding reserves is 4 percent. A range of optimal reserves is also shown with the cost of reserves varying from 3 to 5 percent. Standard errors are in parentheses; *, **, and *** indicate statistical significance at 10 percent, 5 percent, and 1 percent, respectively. Explanatory variables are defined as follows: Income is GDP per capita; Exchange rate volatility is the moving average of three year standard deviation of monthly exchange rate growth; Export volatility is the moving average of three year standard deviation of annual export growth rate; Peg dummy is a dummy which takes the value of one when a country has fixed exchange rate regime; Interest rate differential with US is the difference between the government treasury bill and the corresponding U.S. asset. Regional country groups are defined as follows: AFR = Africa, MCD = Middle East and Central Asia, EUR = Europe, APD = Asia Pacific, and WHD = Western Hemisphere. 
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